The RNA helicase UP-FRAMESHIFT (UPF1) is a key factor of nonsense-mediated decay (NMD), a mRNA decay pathway involved in RNA quality control and in the fine-tuning of gene expression. UPF1 recruits UPF2 and UPF3 to constitute the NMD core complex, which is conserved across eukaryotes. No other components of UPF1-containing ribonucleoproteins (RNPs) are known in plants, despite its key role in regulating gene expression. Here, we report the identification of a large set of proteins that co-purify with the Arabidopsis UPF1, either in an RNA-dependent or RNA-independent manner. We found that like UPF1, several of its co-purifying proteins have a dual localization in the cytosol and in P-bodies, which are dynamic structures formed by the condensation of translationally repressed mRNPs. Interestingly, more than half of the proteins of the UPF1 interactome also co-purify with DCP5, a conserved translation repressor also involved in P-body formation. We identified a terminal nucleotidyltransferase, ribonucleases and several RNA helicases among the most significantly enriched proteins co-purifying with both UPF1 and DCP5. Among these, RNA helicases are the homologs of DDX6/Dhh1, known as translation repressors in humans and yeast, respectively. Overall, this study reports a large set of proteins associated with the Arabidopsis UPF1 and DCP5, two components of P-bodies, and reveals an extensive interaction network between RNA degradation and translation repression factors. Using this resource, we identified five hitherto unknown components of P-bodies in plants, pointing out the value of this dataset for the identification of proteins potentially involved in translation repression and/or RNA degradation.
INTRODUCTION
Eukaryotes possess three translation-dependent quality control pathways to reduce the accumulation of mRNAs showing aberrant ribosomal progression: no-go decay; non-stop decay; and nonsense-mediated decay (NMD; Shoemaker and Green, 2012) . Among these pathways, NMD is specialized in the elimination of transcripts harboring premature translation termination codons (PTCs). PTCs can result from mutations, transcription errors or defective splicing, but also exist in alternatively spliced transcript isoforms, in mRNAs harboring long 3'-UTRs, or upstream open reading frames (ORF). In addition, an extensively studied NMD activating feature is the exon junction complex (EJC)-mediated NMD, involving the presence of an intron and the deposition of the EJC at least 50 nt downstream of the PTC (Chamieh et al., 2008; Lindeboom et al., 2016; Colombo et al., 2017; Tian et al., 2017) . Recognition of PTCs requires the eukaryotic release factors (eRF1 and eRF3) and the activity of the UP-FRAMESHIFT (UPF) proteins. The direct interaction of UPF1 with the UPF2-UPF3 module is one of the key steps, which triggers the formation of the core NMD complex. This core complex is very well conserved throughout eukaryotes, and is present in yeast, insects, mammals as well as in plants (He et al., 1997; Serin et al., 2001; Ker enyi et al., 2008) . NMD activation is dependent on the phosphorylation of UPF1 by SMG1, required for the recognition by the 14-3-3-like domain of SMG7 that binds UPF1 phosphoserine-containing residues and triggers RNA decay (Lloyd and Davies, 2013) . Despite the discovery of NMD more than 20 years ago, the precise molecular mechanisms by which a nonsense codon is recognized as premature and the individual roles of the UPF proteins are still poorly understood. Initially proposed to avoid the accumulation of potentially deleterious truncated proteins, NMD is now recognized as a genuine post-transcriptional regulation pathway (Nasif et al., 2017) . In mammals, NMD controls endoplasmic reticulum stress response by limiting the expression of IRE1a and repressing the unfolded protein response (Karam et al., 2015) . In fission yeast, UPF1 is essential for survival upon oxidative stress, and controls the expression of more than 100 genes transcriptionally induced in response to oxidative stress (Rodriguez et al., 2006) . In plants, NMD plays an important role in dampening the expression of immunity genes, which avoids the fitness cost of defense activation and modulates the output of bacterial infection (Rayson et al., 2012; Riehs-Kearnan et al., 2012; Gloggnitzer et al., 2014) . Many interactions between the NMD pathway and viral infections have also been observed across kingdoms. These interactions include the restriction of RNA virus infection in plants and mammals (Balistreri et al., 2014; Garcia et al., 2014) , and suppression of the NMD pathway by the T-lymphotropic virus type 1 and the Rous sarcoma virus (Weil and Beemon, 2006; Mocquet et al., 2012) .
The ATP-dependent RNA helicase UPF1 is the key regulator of NMD, and its deregulation influences all the previously mentioned processes. Its activity induces a cascade of events leading to accelerated mRNA decay, by the action of deadenylases, decapping factors and exoribonucleases in mammals and yeast (Muhlrad and Parker, 1994; Lejeune et al., 2003; Mitchell and Tollervey, 2003) . In addition, UPF1 is localized in P-bodies in various organisms, including yeast, mammals and plants (Unterholzner and Izaurralde, 2004; M erai et al., 2013) , although this localization is not required for NMD in animals (Stalder and Muhlemann, 2009 ). P-bodies are a class of membrane-less foci formed by a local phase transition process occurring in the presence of RNA-binding proteins and mRNAs. In human epithelial cells, a recent study combining fluorescence-activated particle sorting (FAPS) with genomic and proteomic studies identified proteins and mRNAs present in P-bodies (Hubstenberger et al., 2017) . Proteins linked to translation repression, miRNA function, mRNA decay and NMD were found prominent in the isolated P-bodies. The authors observed that mRNAs present in P-bodies are as abundant as other mRNAs, do not have shorter half-lives, and that their abundance is not changed when P-body formation is repressed. These observations, considered together with single-molecule imaging strategies used to follow mRNA degradation (Horvathova et al., 2017; Tutucci et al., 2018) , suggest that P-bodies accumulate translationally repressed mRNAs rather than decayed mRNAs and are unlikely a major site for mRNA degradation (Hubstenberger et al., 2017) . This current view of P-bodies is supported by the study of in vitro produced P-body-like structures, in which the phase transition protects RNA against endonucleolytic cleavage or decapping activity (Sch€ utz et al., 2017) . This evidence will need to be integrated in alternative models and interpretation of the presence of UPF1 in P-bodies. In mammals, a great deal of information has been gathered over the years on the UPF1 interaction network by strategies coupling immunoprecipitation (IP) to mass spectrometry (Isken et al., 2008; Flury et al., 2014; Schweingruber et al., 2016) . In contrast, in plants, little is known about the UPF1 interaction network beyond its expected association with UPF2 and UPF3 (Ker enyi et al., 2008) . The identification and study of proteins interacting with core NMD factors is a pre-requisite to determine how the NMD is orchestrated, and to determine the links between UPF1 and P-bodies in plants.
In this work, we used an immunoaffinity approach coupled to mass spectrometry to identify proteins associated with Arabidopsis UPF1. We co-localized UPF1 with archetypal P-body components, including the LSM14A homolog DECAPPING 5 (DCP5). Half of UPF1 associated proteins also co-purified with this translation repressor. These include members of the plant DEAD-box helicase 6 (DDX6) translation repressors family, required for P-body formation in human cells. In addition, we tested the subcellular localization of proteins that co-purify with both UPF1 and DCP5. This study identified that UPF1 co-localized with selected partners in the cytosol and/or P-bodies, identifying five hitherto unknown plant P-body components. Our extended UPF1 and DCP5 interactome studies represent a unique dataset that can be used, as exemplified in this work, to identify previously unknown P-body components. Their study will facilitate the discovery of factors involved in translation repression and/or RNA degradation in plants.
RESULTS

Isolation of UPF1-enriched fractions identifies a large set of RNA-binding factors
Early studies of NMD in plants were based on the analysis of mutants in homologs of UPF1 and UPF3. These mutants showed defects in flowering time, response to abiotic stresses and germination (Hori and Watanabe, 2005; Arciga-Reyes et al., 2006; Yoine et al., 2006) . Major advances in understanding plant NMD were achieved in transient expression assays using NMD reporter genes (Kert esz et al., 2006; Ker enyi et al., 2008; M erai et al., 2013) . Unfortunately, attempts to discover UPF1-interacting proteins in plant, by yeast two-hybrid screens and transient expression strategies, could validate the conserved core UPF1-UPF2-UPF3 complex, but failed to identify additional partners of UPF1 (Ker enyi et al., 2008) . Therefore, we performed co-IP experiments with green fluorescent protein (GFP) or double Flag-HA-tagged versions of UPF1. The fusion proteins were expressed under the control of the endogenous UPF1 promoter in either null (upf1-3) or hypomorphic (upf1-5) upf1 mutant backgrounds. All transgenes restored the regulation of four distinct NMD targets with different NMD-inducing features, demonstrating that they encode functional UPF1 protein fusions (Figure 1a ). These transgenic lines expressing UPF1-GFP and UPF1-Flag-HA were then used for IPs with antibodies directed against the GFP and HA tags, respectively. We observed a strong UPF1 enrichment in the IP fractions ( Figure 1b) . Mass spectrometric analysis of these fractions ( Figure 1c ; Table S1 ) identified 213 proteins significantly enriched in UPF1-IPs as compared with control IPs (adjusted P-value < 0.05). The presence of UPF2 and UPF3, the two known proteins of the UPF core complex in plants, among the most enriched UPF1 partners validated our approach ( Figure 1c ; Table S1 ). A global gene ontology terms analysis of the proteins detected in UPF1 IPs revealed a high proportion of RNA-binding proteins, including many RNA helicases, and proteins involved in RNA processing (Figure 1d ). This result is coherent with the RNA-binding capacity of UPF1, and the fact that multiple RNA helicases and RNA-binding proteins interact with UPF1 in other organisms (Bond et al., 2001; Flury et al., 2014; Schweingruber et al., 2016) . Among the proteins significantly enriched in UPF1-IPs, we noticed the decapping associated factors DCP1, DCP5 and VCS. We confirmed the association of DCP5 with UPF1 by reverse IP experiments using plant expressing a tagged version of DCP5 ( Figure S1a ). Furthermore, UPF1 co-purified with the plant DDX6/Dhh1 homologs RH6, RH8 and RH12. DDX6/Dhh1 is an RNA helicase that is localized in P-bodies and required for their assembly in mammals and yeast (Ayache et al., 2015) . Human DDX6 was previously shown to associate with both the decapping complex and UPF1, but the molecular function of this association was not further investigated (Ayache et al., 2015) . However, both DCP5 (Scd6p in yeast, LSM14 in human) and DDX6 have been implicated in translation repression (Minshall et al., 2009; Rajyaguru et al., 2012; Presnyak and Coller, 2013) . UPF1 co-purified also with homologs of two other RNA helicases, DDX3 and DDX17. DDX3 functions in stress granule assembly and translation inhibition, while DDX17 is involved in mRNA processing in mammals (Janknecht, 2010; Soto-Rifo and Ohlmann, 2013) . As previously observed in mammals (Poulsen et al., 2013) , Argonaute 1 (AGO1), a major RNA silencing effector, also co-purified with plant UPF1. The interaction of UPF1 with AGO1 was confirmed by reverse IP experiments using Flag-AGO1 as bait ( Figure S1b) . Finally, UPF1 co-purified with eIF4G, already known to influence NMD in mammals (Lejeune et al., 2003) , and several members of the plant PolyA-binding protein (PABP) family. Taken together, our strategy identified a set of 213 proteins significantly enriched in the UPF1 purified fraction (Table S1 ). This study provides a unique dataset, and suggests that UPF1 is present in the cell together with a large set of key factors linked to cytosolic mRNA metabolism.
UPF1-associated proteins include RNA-dependent and RNA-independent partners
Overall, 48% of UPF1-associated proteins are also present in an experimentally identified Arabidopsis mRNA-binding proteome (At-RBP) established by 'mRNA interactome capture' (Figure 2a ; Reichel et al., 2016) . This striking overlap suggests that their presence in the UPF1-IPs could at least partially be due to RNA-mediated interactions. To discriminate between RNA-dependent and RNA-independent interactions, we performed co-IP experiments with Flag-HA-tagged UPF1 in the presence or absence of RNase A. This experiment confirmed the co-purification of AGO1, DCP1 and PAB2 with UPF1-Flag-HA ( Figure 2b ). In addition, Western blot analysis revealed that the interaction of AGO1 with UPF1 is RNA-independent as similar amounts were detected in both treated and untreated IPs. PAB2 was also recovered upon RNase A treatment, suggesting that the interaction of PAB2 with UPF1 is not only mediated by RNA. By contrast, the association of UPF1 and DCP1 was completely disrupted upon RNase treatment. Mass spectrometric analysis of the immunoprecipitated fractions identified 66 proteins present in both RNase-treated and non-treated samples, indicating RNA-independent interactions with UPF1 ( Figure 2c ; Table S2 ). The specific recovery of the core UPF1-UPF2-UPF3 complex among the proteins classified as RNA-independent validated this approach. RNA-independent partners also included the RNA-induced silencing complex component AGO1, as well as the DDX6 homologs RH6, RH8, RH12, and the PABPs PAB2, PAB4, PAB5 and PAB8 (Figure 2c ). Fifty-four proteins were identified solely in non-treated IPs but never detected upon RNase treatment, and were therefore classified as RNA-dependent partners of UPF1 ( Figure 2c ; Table S3 ). Such RNA-dependent partners included notably four proteins containing a RNA recognition motif domain, a putative endonuclease, and the decapping associated factors DCP5 and DCP1 (Figure 2c ). Interestingly the action of UPF1 is coupled with the action of the decapping machinery in mammals (Lejeune et al., 2003) . The identification of DCP5 and DCP1 in UPF1 IPs suggests that a similar coupling between UPF1 and decapping could also occur in plants.
Analysis of insertion mutants in RNA decay factors and UPF1-associated proteins
To try to identify factors required for NMD in Arabidopsis, we tested mutants in some of the previously considered UPF1 protein partners, including decapping activators, for endogenous NMD targets accumulation. To this mutant list, we added the xrn4 and ski2 mutants in order to test factors involved in cytosolic 5'-3' and 3'-5' mRNA degradation, respectively. The four NMD targets tested had various NMD eliciting features, namely an upstream ORF, a long 3'-UTR and a PTC (in a specific splicing variant or a potential natural antisense gene). We expected to identify mutations that enhance the accumulation of NMD targets, as is the case for upf1 and upf3, indicative of NMD activators. To our surprise, none of the mutants led to increased accumulation of the NMD targets tested (Figure 3 ), suggesting that none of these UPF1 partners or RNA degradation pathways is limiting for NMD. By contrast, we observed slight but significant decreased levels of at least one of the NMD targets in dcp1, dcp5, rh12, eIf4g and rh14 mutants (Figure 3) . The observed effect could be due to reduced transcription or enhanced turnover of the selected targets. An interesting possibility is that some of these factors could in fact limit the degradation of a subset of NMDtargeted RNAs.
UPF1 and DCP5 are part of similar mRNPs and associate with DDX6 homologs As UPF1 was shown to trigger translational repression during NMD in mammals (Isken et al., 2008) and to lead to translation inhibition in plant hormone signaling (Li et al., 2015) , we decided to investigate the link between UPF1 and the translation repressors. For this purpose, we identified the proteins associated with the translation repressor DCP5 by IP coupled to mass spectrometry (Figure 4a,b) . We identified 369 proteins significantly enriched in DCP5 IPs (Table S4 ). Global analysis of gene ontology terms revealed an enrichment of factors annotated as RNA (b) Western blot analysis of the co-IPs of UPF1-Flag-HA with selected UPF1 partners, in both RNase A treated (+) and non-treated (À) samples. UPF1, AGO1, DCP1 and PAB2 protein levels were analyzed using antibodies raised against endogenous proteins. Protein molecular weight information is indicated in kDa. Coom, Coomassie staining of total proteins. (c) Volcano plot showing proteins enriched in both RNase A-treated and non-treated UPF1-Flag-HA IP (RNA-independent) and proteins enriched in non-treated UPF1-Flag-HA IP only (RNA-dependent). The adjusted P-value is presented on the y-axis; fold-change (FC) on the x-axis. The red dotted lines represent the significance thresholds of P < 0.05 and log2(FC) > 1.
binding, non-membrane bounded organelles, RNA helicases and RNA processing ( Figure 4c ). As observed for the proteins associated with UPF1, a large proportion of the proteins co-IP with DCP5 (37%) were present in the experimentally determined At-RBP proteome (Reichel et al., 2016) . Strikingly, UPF1 is among the most significantly enriched proteins co-purifying with DCP5 (Figure 4b ), and 64% of the proteins co-purified with UPF1 were also detected in the DCP5 IPs (Figure 4d ). This result indicates that both proteins are likely to participate to similar mRNP complexes. Among the common partners of DCP5 and UPF1, we noticed a number of RNA helicases including the three DDX6 homologs, all of which were among the most significantly enriched in both IPs (RH6, 8, 12 ; Figures 1c  and 4b ). DDX6 is a major component of P-bodies and is strictly required for their formation in human (Ayache et al., 2015) . The finding that DDX6 homologs are among the best-ranked UPF1 and DCP5 co-purifying proteins prompted us to test whether they directly bind to UPF1 or DCP5 using a yeast two-hybrid assay. As a positive control, we tested the known interaction between UPF1 and the Cterminal part of UPF2 (Figure 5a ; He and Jacobson, 1995) . In agreement with our previous finding that the association of UPF1 and DCP5 depends on the presence of RNA (Figure 2c) , the yeast two-hybrid test suggested that DCP5 and UPF1 do not interact directly (Figure 5b) . The assay recapitulated the interaction between UPF1 and UPF2, but no direct interaction between UPF1 and RH6 or DCP5 could be observed (Figure 5a,b) . By contrast, we detected a direct interaction between DCP5 and RH6 (Figure 5b ). In mammals, the DCP5 homolog LSM14 directly binds to DDX6 via both its FDF and TFG motifs (Brandmann et al., 2018) . Of note, the FDF and TFG motifs are present in the Arabidopsis DCP5 protein, suggesting that the mode of interaction between the LSM14 homolog DCP5 and the DDX6 homolog RH6 could be evolutionary conserved in plants.
UPF1 co-localizes with its partners in the cytosol and in P-bodies Next, we analyzed the subcellular localization of UPF1 and some of the proteins identified in UPF1-IPs by co-expressing fluorescent fusion proteins both transiently in Nicotiana benthamiana and stably in Arabidopsis. In agreement with previous studies, UPF1-red fluorescent protein (RFP) was detected both diffused in the cytosol and in cytoplasmic foci, likely P-bodies (Figure 6a ). Because P-bodies are highly dynamic and their fast movement within the cytosol can have a blurring effect that may compromise the robustness of co-localization studies, we acquired our images with a multitrack line-by-line scanning mode instead of the commonly used frame-by-frame sequential acquisition of GFP and RFP signals ( Figure S2a ). With the Figure 3 . Accumulation of four archetypal nonsense-mediated decay (NMD) targets in insertion mutants in UPF1 partners. Real-time reverse transcriptase-quantitative polymerase chain reaction (RT-qPCR) analysis of four known NMD target transcripts in mutants in UPF1-associated factors. Values are normalized to ACTIN2 and expressed relative to Col-0 set as 1 AE SEM. Asterisk represents significant differences with the control Col-0, P < 0.025; n = 3. multitrack line-by-line acquisition, we detected a near-perfect co-localization of UPF1 with the archetypal P-body markers DCP1 and DCP5 (Figure 6a ). Similar results were obtained when UPF1 was transiently co-expressed with tagged versions of RH6, RH8 and RH12, the three Arabidopsis homologs of DDX6, required for P-bodies formation in mammals. This result confirms the recently observed P-body localization for RH12 (Bhullar et al., 2017) , and extends this localization to the two other DDX6 homologs, RH6 and RH8. The localization of UPF1 to P-bodies was further confirmed in time-lapse experiments monitoring the concomitant movement of UPF1 and the P-body marker DCP5 (Video S1). We quantified the co-localization of UPF1 with P-body markers in stable Arabidopsis transformants using an ImageJ macro that identifies the cytoplasmic foci in images and measures the extent of colocalization between foci in both GFP and RFP channels. Indeed, the approach reliably discriminated between a yellow fluorescent protein (YFP)-tagged version of the P-body marker DCP1 and the RFP-tagged stress granule marker PAB2, showing only 18% co-localization (Figure S2b) . The analysis of stable Arabidopsis transformants co-expressing UPF1-RFP with GFP-tagged P-body markers revealed that 90, 95 and 100% of the foci that contained UPF1 also contained the P-body components DCP5, DCP1 or RH6, respectively ( Figure 6 ). These data demonstrate that the majority of the UPF1-containing foci are indeed P-bodies.
We further analyzed the co-localization of UPF1 with five other factors that were enriched in UPF1 IPs. For this analysis, we chose either partners regulated by a mechanism coupling alternative splicing and NMD, the polypyrimidine tract-binding factor PTB3, and the glycine-rich protein GRP7 (Sch€ oning et al., 2008; Stauffer et al., 2010) . We also analyzed proteins with predicted functions linked to NMD in other species, including a putative endonuclease, a predicted terminal nucleotidyltransferase (TNTase) and RH11, a DEAD box RNA helicase (Eberle et al., 2009; Morozov et al., 2012; Hug and C aceres, 2014) . Upon transient expression in N. benthamiana, the RNA-binding proteins PTB3 and GRP7 co-localized with the fraction of UPF1 that is diffused in the cytosol, while only UPF1 but neither PTB3 nor GRP7 were enriched in P-bodies (Figure 6c ). By contrast, the putative endonuclease, TNTase, and RH11 co-localized with UPF1 in both the cytosol and in P-bodies (Figure 6c ). These data identify these three UPF1-associated proteins as previously unappreciated components of P-bodies.
Taken together, our co-localization studies demonstrate that Arabidopsis UPF1 co-localizes with proteins detected in UPF1 IPs in either the cytosol or in P-bodies, and identified a putative endonuclease, a TNTase, and the RNA helicases RH6, RH8 (DDX6 homologs) and RH11 (DDX3 homolog) as hitherto unknown components of P-bodies in plants.
DISCUSSION
Our work provides unbiased information about the molecular context present in the vicinity of the Arabidopsis UPF1, and illustrates its association with RNA-binding proteins, proteins linked to RNA decay, and translational repression. Furthermore, we demonstrate that several of these partners co-localize with UPF1 in P-bodies. These proteins include DCP1, DCP5 and homologs of the P-body organizing factor DDX6. The association of UPF1 with DCP5 depends on the presence of RNA, indicating that DCP5 and UPF1 could be present on the same RNA substrates. Indeed, the interactomes of UPF1 and DCP5 largely overlap and consist mostly of mRNA-binding proteins and RNA helicases previously characterized in the Arabidopsis mRNA-binding proteome (Reichel et al., 2016) . Among the proteins interacting with both UPF1 and DCP5, we validated five P-body components. This result demonstrates that our work provides an interesting resource for the discovery of hitherto unknown components of cytoplasmic RNA granules, with potential roles in RNA stability, translation inhibition or RNA storage.
Evolutionary conserved hallmarks of the plant UPF1 interactome
In this study we determined RNA-dependent and RNAindependent partner proteins of the key NMD factor UPF1 in Arabidopsis. This analysis confirmed the existence of the NMD core complex UPF1-UPF2-UPF3, and revealed that the association of UPF1 with decapping factors, PABPs and RNA helicases of the DDX6 family, known in mammals, is conserved in plants ( Lejeune et al., 2003; Ivanov et al., 2008; Ayache et al., 2015) . We also detected an association of Arabidopsis UPF1 with AGO1, a key RNA-silencing component in plants (Borges and Martienssen, 2015) . Interestingly, hUPF1 was also reported to interact with hAGO1 and hAGO2. The reason for this interaction remained unclear as hUPF1 knockdown did not affect miRNA targeted reporter constructs (H€ ock et al., 2007) . Likewise, the comparison of miRNA and NMD targets in Arabidopsis at the genome-wide scale did not reveal much overlap (Zhang et al., 2013) . Nevertheless, this interaction could have other impacts on the miRNA pathway, a recent report in humans described a function of UPF1 in inducing Tudor-SN-mediated miRNA decay (Elbarbary et al., 2017) . Such a pathway has not yet been described in plants, but the identification of Arabidopsis AGO1 as potential direct UPF1 partner suggests that similar links between UPF1 and silencing may also exist in plants.
Our co-purification analysis also identified several previously unknown and possibly plant-specific partners of UPF1. Among them, a putative TNTase (AT3G61690) and a putative endonuclease (AT2G15560) co-localized with UPF1 in P-bodies. The association of both proteins with UPF1 suggests that they could act on either NMD targets or other UPF1-associated mRNAs. Proteins with similar enzymatic activities have been associated with NMD in other species. In Aspergillus nidulans, the 3' nucleotide addition by the TNTase CutA and CutB is induced by NMD and promotes ribosome dissociation (Morozov et al., 2012) . Human histone transcripts, degraded in a UPF1-dependent manner in mammals, are also modified by oligouridylation (Slevin et al., 2014) . Regarding endonucleases, in mammals, two distinct endonucleases have been linked to UPF1 action, SMG6, in the degradation of NMD targets (Eberle et al., 2009) , and Regnase, in another UPF1-dependent RNA degradation pathway called Regnase-mediated decay (Mino et al., 2015) . Whereas we found that these factors do not seem to be limiting factors for NMD, the possible involvement of the P-body-associated TNTase and endonuclease proteins in NMD, and their molecular functions remains to be determined in plants.
The Arabidopsis UPF1 is associated with putative translational repressors Among the proteins that associated with UPF1 in an RNAindependent manner were three homologs of the RNA helicase DDX6, RH6, RH8 and RH12. DDX6 is involved in translational repression and required for P-body assembly in mammals (Xu and Chua, 2009; Rajyaguru et al., 2012; Presnyak and Coller, 2013; Ayache et al., 2015) . Each of the plant DDX6 homologs co-localized with UPF1 in P-bodies and co-purified in a RNA-independent manner, but yeast two-hybrid assays suggested that interaction between UPF1 and RH6 is not direct, whereas the known translation repressor DCP5 and RH6 directly interact ( Figure 5 ). The association of UPF1 with DCP1 and DCP5 depends on the presence of RNA. In humans, co-purification of UPF1 with DCP1 and DCP2 was proposed to link NMD with downstream RNA degradation pathways. This was further supported as downregulating DCP2 decreased the degradation rate of NMD targets (Lykke-Andersen, 2002; Lejeune et al., 2003) . UPF1 triggers translational repression during NMD in mammals (Isken et al., 2008) , our evidence of co-purification of UPF1 with the translation repressor DCP5 and the DDX6 family homologs suggests the possibility of a similar activity in plants. In fact, there are two possible models, either UPF1 leads to translation inhibition after the first round of translation and leads to RNA decay as shown in mammals, or UPF1 directly represses translation without decay induction as shown for the EBF1/2 mRNAs in Arabidopsis (Li et al., 2015; Merchante et al., 2015) .
Crossed proteomes of P-body components as a resource for P-body protein identification
The observation that UPF1 and DCP5 co-localize and copurify with a similar set of mRNA-binding proteins suggested that both are recruited to similar ribonucleoproteins (RNPs) and can act on similar RNAs. Interestingly, loss of DCP5 expression results in a slight decrease of three endogenous mRNAs that exhibit NMD-inducing features, including an upstream ORF, a long 3'-UTR and a premature stop codon. A similar decrease was observed in eif4g, rh12 and to some extent in rh14, indicating that these factors might influence the degradation of some NMD targets in wild-type plants. This effect might be linked to the fact that some of these components, DCP5 and RH12, localize in P-bodies, a central structure for the homeostasis of mRNAs.
The use of FAPS has recently allowed the purification of P-bodies from human epithelial cells. This study revealed that P-bodies are associated to translationally repressed mRNAs rather than to mRNAs undergoing decay as previously proposed (Hubstenberger et al., 2017) . In fact, there is accumulating evidence, both in vitro and in vivo, that mRNAs are not decayed within P-bodies but rather that RNA degradation occurs outside P-bodies in the cytoplasm (Horvathova et al., 2017; Hubstenberger et al., 2017; Sch€ utz et al., 2017; Tutucci et al., 2018) . The mRNA composition of P-bodies is enriched in transcripts coding for regulatory proteins, a clear difference with the mRNA composition of stress granules, in which most mRNAs accumulate without any functional distinctions (Khong et al., 2017) . As our understanding of the properties and functions of RNA granules and, in particular, P-bodies evolves, the functional relevance of the presence of UPF1 within P-bodies, together with translationally repressed mRNPs (Horvathova et al., 2017; Hubstenberger et al., 2017; Sch€ utz et al., 2017) , becomes less obvious. The loss of DCP5 in the dcp5 mutant does not lead to increased NMD target accumulation, suggesting that DCP5 is not a limiting factor for NMD target degradation, but may be involved in transitory storage or translation repression in P-bodies, with only marginal consequences on the steady-state level of NMD targets. A disruption of P-bodies was observed in dcp5 (Xu and Chua, 2009) , suggesting that P-bodies themselves are not required for NMD targets degradation in plants, as observed in Drosophila (Eulalio et al., 2007) .
In addition to its function in RNA surveillance, NMD clearly emerges as an important mechanism in the control of the expression of functional genes, important for plant immunity and stress response in plants (Drechsel et al., 2013; Gloggnitzer et al., 2014; Lorenzo et al., 2017) . Moreover, Arabidopsis UPF1 was shown to participate to the EIN2-induced translational repression of the EBF1 and EBF2 transcripts, key components of the signaling pathway of the phytohormone ethylene (Li et al., 2015; Merchante et al., 2015) . The possible involvement of the translation repressors DCP5 and the DDX6 homologs in this process would be coherent with the association of UPF1 with these proteins, and remains to be tested. Translation repression of NMD targets was observed in mammals. This could be a conserved trend in plants, possibly through association of UPF1 with DCP5 and DDX6 homologs. Our work reveals a large set of proteins co-purifying with the Arabidopsis UPF1 and DCP5 proteins. These two factors showed perfect co-localization in P-bodies. The comparison of the proteomes associated with UPF1 and DCP5 revealed a strong overlap and allowed the identification of five previously unknown P-body components. This resource could be used to discover additional components of P-bodies and study their cellular function in plants. Such studies will be important to better understand the role of P-bodies in plants in controlling mRNA homeostasis, and the balance between RNA degradation, storage and translation repression.
EXPERIMENTAL PROCEDURES Plant material and primers
Documents listing the plant lines and primers used in this study are provided in Tables S5 and S6 .
Plasmids
The genomic sequence of the Arabidopsis thaliana UPF1 genomic sequence including 1.6 kb of its upstream regulatory sequences was amplified from genomic DNA and cloned in pCTL235-RFP, pCTL235-GFP and pCTL235-Flag-HA vectors for C-terminal fusions of UPF1 with RFP, GFP or a double Flag-HA tag, respectively. For transient expression of GFP-fusion proteins, the genomic sequences of GRP7, PTB3, RH11, a putative TNTase and a putative endonuclease were amplified from genomic DNA and cloned into pB7WGF2. DCP5 was amplified from genomic DNA, RH6, RH8 and RH12 coding sequences were amplified from cDNA and all cloned in pUB10-GFP.
RNA extraction and real-time reverse transcriptasepolymerase chain reaction (RT-PCR)
Total RNA was extracted from 15-day-old plantlets with Tri-Reagent (Sigma, https://www.sigmaaldrich.com). Real-time RT-PCR analyses were conducted by reverse-transcription of RNA samples into cDNA using SuperScript IV reverse transcriptase (Invitrogen) with a mix of oligo(dT) and random hexamers. The cDNA was quantified using a SYBR Green qPCR kit (Roche, https://lifescience.roche.com) and gene-specific primers. PCR was performed using a LightCycler â 480 Real-Time PCR System (Roche) in 384-well optical reaction plates heated for 10 min at 95°C, followed by 45 cycles of denaturation for 15 sec at 95°C, annealing for 20 sec at 60°C, and elongation for 40 sec at 72°C. Transcript levels were normalized to those of ACTIN2 (AT3G18780). Statistical analysis was performed using the Mann-Whitney test with three biological replicates each composed of two technical replicates (P < 0.025, n = 3).
Antibodies
PABP2, AGO1 and DCP1 antibodies were kindly provided by J.F. Lalibert e (Dufresne et al., 2008) , N. Baumberger (Baumberger et al., 2007) and M. Fauth (Weber et al., 2008) . Rabbit antisera were raised against immunogenic peptides identified on the AtUPF1 protein (QPNQSSQNPKHPYNG and GVDDEPQPVQPKYED) and affinity purified following the double X protocol of Eurogentec SA (https://secure.eurogentec.com).
Co-IP and mass spectrometry analysis
For each IP replicate, 0.3 g of flowers from stable Arabidopsis transformants expressing UPF1 and DCP5 fusion proteins was extracted in 1.5 ml of IP lysis buffer containing 50 mM NaCl using the lMACS GFP or HA isolation kit (MACS purification system, Miltenyi Biotech, https://www.miltenyibiotec.com). The lysates were cleared by centrifugation at 10 000 g. IPs were performed using magnetic microparticles coated with monoclonal HA or GFP antibodies according to the manufacturer's instructions, except that sodium dodecyl sulfate was omitted from washing buffers. Co-IP experiments were carried out at least in triplicate for each bait.
Eluted proteins were digested with sequencing-grade trypsin (Promega, https://www.promega.com) and analyzed by nanoLC-MS/MS on a TripleTOF 5600 mass spectrometer (Sciex, https:// sciex.com) as described previously (Chicher et al., 2015) or on a QExactive+ mass spectrometer coupled to an EASY-nanoLC-1000 (Thermo-Fisher Scientific, USA, https://www.thermofisher.com). Data were searched against the TAIR 10 database with a decoy strategy. Peptides were identified with Mascot algorithm (version 2.5; Matrix Science, London, UK) and data were further imported into Proline 1.4 software (http://proline.profiproteomics.fr/). Proteins were validated on Mascot pretty rank equal to 1, and 1% FDR on both peptide spectrum matches (PSM score) and protein sets (Protein Set score). The total number of MS/MS fragmentation spectra was used to quantify each protein from at least three independent biological replicates. These spectral counts were analyzed by the msmsTest R package (R v1.10.11; Gregori et al., 2013 ) using the implemented negative binominal model based on the solution provided by the edgeR package (v3.20.1; Robinson et al., 2010) . For each IP, spectral counts were scaled by total number of counts. For each identified protein, an adjusted P-value corrected by Benjamini-Hochberg was calculated, as well as a protein foldchange (FC). A supplemental filter was applied to exclude proteins that have a low P-value, and low number of counts and poor effect size (DEP column in Tables S1-S4). The results are presented in volcano plots that display log2 (fold-change) and Àlog10 (adjusted P-value) on x-and y-axes, respectively. Annotation enrichment was analyzed using DAVID Bioinformatics Resources 6.8 and the TAIR9 annotations (Huang et al., 2008 (Huang et al., , 2009 ).
Transient expression and subcellular localization
Fluorescent fusion proteins were transiently expressed in N. benthamiana leaves as described in Garcia et al. (2014) , and pictures taken 4 days after infiltration, or stably expressed in A. thaliana. Subcellular localizations were imaged in N. benthamiana leaves or in root epidermal cells of 7-day-old Arabidopsis plants using a LSM780 confocal microscope (Zeiss) with a 40 9 objective. Co-localization analysis was performed with ImageJ as follows: foci in images were determined with a user-supervised local maxima detection method (script available on demand). Local intensities in channels visualizing GFP or RFP fusion proteins were measured for every detected focus and the reported values were 
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